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Bio-electrochemical systems (BESs) can recover ammonium at low specific energy inputs and can produce
hydrogen gas. A reason hampering development of large-scale applications for ammonium recovery is the
general instability of the bio-generated current and the thereby variable TAN (ammonia and ammonium) effluent
concentrations. Electrochemical systems for ammonium recovery, such as the hydrogen recycling electro-
chemical system (HRES), can fine-tune the applied current, but require higher specific energy inputs than BES,
and may require an additional external hydrogen supply in case of HRES. This research presents for the first time
an integrated BES and HRES system for ammonium recovery to combine the advantages of both types of systems
to achieve high TAN removal efficiency at low specific energy input. The HRES was able to partially compensate
for BES instability, which resulted in an overall high TAN removal efficiency (89-95 %) at an increased energy
demand of 5.2-10.2 MJ/kgy. When the BES was performing stably and efficiently, the HRES removed almost all
of remaining TAN at up to 99.8 % overall TAN removal efficiency, requiring 9.2 MJ/kgy. The combined system
can remove TAN down to much lower effluent concentrations at little to no additional energy input. These results
indicate that combining BES and HRES in one system can result in TAN recovery that is more efficient than in
each system separately, which could facilitate new application possibilities for (bio-)electrochemical ammonium
recovery.

respectively. HB alone requires around 2 % of the annual global energy
consumption [3] and both HB and NHj3 de-activation contribute to

1. Introduction

The growing human population is breaching the planetary boundary
for use of reactive nitrogen (N;, for example ammonia, nitrite or nitrate,
[39]). This breach causes eutrophication, loss of biodiversity, and is
partially responsible for anthropogenic climate change [30] with the
main cause being anthropogenic fertilizer application in agriculture [2].
Current fertilizer production is carried out in a linear nitrogen (N)
economy [38] of atmospheric gaseous N activation to ammonia (NHs),
mostly through the Haber-Bosch (HB) process, and application of NH3
as fertilizer. However, only a fraction of the NHj in fertilizer is converted
into agricultural products and the N; ultimately deteriorating the envi-
ronment. Therefore, stringent discharge limits are imposed on N; lead-
ing to wastewater treatment and Ny production. This linear process of N
activation and de-activation is energy-intensive with 27 MJ/kgy for HB
(best available technology [9]) and 45 MJ/kgy for nitrifica-
tion—denitrification [22] or 16 MJ/kgy for Sharon/anammox [22],
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climate change via greenhouse gas emissions [9,40]. This linear econ-
omy can be partly transformed by recovering NHj directly from its
source in a circular N economy approach as directly applicable, valuable
fertilizer.

A promising technology to separate NH3 from wastewater for re-
covery is electrodialysis (ED), where an applied electrical current drives
NHJ ions as part of total ammonia nitrogen (TAN, as sum of NH; and
NH3) across a cation exchange membrane (CEM) and thereafter can be
recovered. One recovery method that has been demonstrated combined
with ED is liquid/liquid membrane contactor (LLMC). The LLMC prin-
ciple is based on NHj diffusion across a hydrophobic membrane and
results in an acidic ammonium solution [27,29]. The energy consump-
tion of TAN recovery with ED and LLMC (13-24 MJ/kgy [4,7,17,21]) is
lower than for TAN removal and inactivation by nitrifica-
tion—denitrification and re-activation by HB. ED is scalable because the
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Fig. 1. Schematic depiction of experimental setup. Medium was fed into the bio-electrochemical system (BES) anode compartment and its effluent then fed into the
hydrogen recycling electrochemical system (HRES) feed. The potentiostatically controlled bio-anode and the galvanostatically controlled electrochemical membrane
electrode assembly (MEA) both shared the same counter electrode as cathode. Currents generated in the bio-anode and MEA HRES-feed caused migration of ions
across their respective cation exchange membranes (CEMs) into their respective concentrate compartments towards the cathode. The cathode compartment was
located between two anion exchange membranes (AEMs) towards each concentrate. Each concentrate was recirculated through liquid/liquid membrane contactors
(LLMC) units for TAN recovery. The AEMs promoted hydroxyl anion transport to the concentrates, increasing their pH for improved TAN recovery, and permitted

separate recirculation of cathodically generated hydrogen gas to the MEA.

driving force for this process, the current, can be controlled and can
therefore be adjusted to different loading conditions [31]. The current is
usually generated by the water splitting reaction, oxygen evolution re-
action at the anode and hydrogen evolution reaction at the cathode.
However, the typically applied anode potentials necessary for water
splitting can oxidize halogens, such as chloride and create toxic chlorine
gas, chlorinated compounds, as well as adsorbable organohalogens
[1,43]. An improvement of ammonium recovery with ED in terms of
required energy input and avoided electrochemical side reactions is the
hydrogen recycling electrochemical system (HRES). In HRES, the overall
theoretical required voltage input is 0 V since anode and cathode reac-
tion have the same standard potential. Thereby, energy losses depend
solely on the electrode overpotentials, transport potential, ionic resis-
tance and pH gradient overpotentials generated, as well as the Hy lost
during cycling of Hy between cathode and anode. Furthermore, elec-
trochemical side reactions with halogens are avoided [15,16]. There-
fore, this system can further save on energy input (9.7 MJ/kgy, [33])
and the recovered TAN can close the cycle between wastewater TAN
removal and TAN supply for fertilizer use. However, HRES only removes
ions and an external Hy supply is required.

Even lower energy inputs are achievable with bio-electrochemical
systems (BESs) for ammonium recovery (down to 4 MJ/kgy [42,44])
since the anodic reaction is the oxidation of bio-degradable organic
matter (expressed as chemical oxygen demand (COD)) at low anode
overpotentials [13]. Furthermore, from a wastewater treatment
perspective, BESs can also remove COD from the wastewater, which
further improves the effluent quality compared to ED and HRES. In
addition, Hy can be generated at the cathode if the BES is operated as
microbial electrolysis cell (MEC, [20,36]), which can be viewed as en-
ergy output [28,37].

In BES, the current used to separate TAN is generated from organic
substances by microorganisms. Ideally, all available substrate would be
converted to current (with 100 % COD removal efficiency and 100 %
Coulombic Efficiency), and each electron would drive one ammonium
across the CEM (100 % transport efficiency). However, the current in

BES, which is the main rate determining factor, is highly dependent on
the availability of biodegradable COD in the wastewater [10]. When the
BES is operated at constant anode polarization, changes in COD avail-
ability lead to variable currents and consequently varying TAN removal
rates and efficiencies [18,34,42]. These instabilities in generated current
are, for example, caused by fluctuations in feed composition [15], pH
[11], microbial community [26] or biofilm morphology [23,25].

The load ratio (Ly, ratio of electrical current and TAN loading) in-
dicates how efficiently TAN can be removed from the respective
wastewater [34]. Generating a current from wastewater COD in the BES
and feeding an equal charge of TAN into the BES would mean applying a
Ly of 1. Applying a Ly greater than 1 could, theoretically, remove all
TAN fed into the system by driving it across a CEM. However, in prac-
tice, the necessary applied current to remove TAN can be lower due to
TAN removal by diffusion, higher due to co-migration of non-TAN ions,
or be limited at certain TAN removal efficiencies mostly independent
from applied Lys. Therefore, applying a Ly of 1.3 has been previously
reported as optimum for highest TAN removal efficiency at lowest
required energy input for the example of synthetic urine [35]. However,
this optimum can change depending on variations in system configu-
ration and operation, as well as wastewater composition [34,35]). Un-
like in ED, the current in BES cannot be directly controlled, and
therefore the resulting Ly and consequently TAN removal efficiencies
will vary.

Combining ammonium recovery in BES with HRES can compensate
for the other technology’s disadvantage: BES in MEC mode can remove
COD and TAN from a wastewater at low energy input and generate Hy
gas, but at fluctuating electrical currents. HRES can remove TAN at
constant electrical current, but requires higher energy inputs compared
to BES. The combination of both systems can thus lead to improved
operation in terms of required energy input, TAN removal efficiency and
effluent quality: TAN that is not removed in the BES could be removed in
HRES and the additional Hy gas supply for HRES could come from Hy
generated at the BES cathode. If BES and HRES shared the same cathode
as counter electrode, the spatial footprint could be reduced, leading to
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material and operational cost savings. This novel combined system has
the potential to operate at high TAN removal efficiency and low TAN
effluent concentrations at minimal energy input.

For this combination to make use of the benefits of both technolo-
gies, the BES would need to be fed first in the sequence since generated
current in BES may vary, while the current and thereby TAN removal in
HRES is tunable. In addition, feeding the BES first in the sequence is
needed for the neutral pH required for biological activity at the bio-
—anode [6].

This work investigates for the first time a sequentially fed, combined
ammonium recovery system consisting of a BES and a HRES with a
shared cathode to elucidate whether this combination can save energy
and if HRES can stabilize overall TAN removal efficiency and improve
TAN effluent quality for unstable bio-anodes. Furthermore, the effect of
feed rate, concentration and TAN loading on the performance of this
combined system is investigated.

2. Materials and methods
2.1. Experimental design

The sequential BES-HRES system was constructed as a combination
of the MEC previously described by Rodriguez Arredondo [34] and the
HRES described in [16]. The system used here included 6 compartments
in the following order: BES anode (BA), BES concentrate (BC), cathode
(C), HRES concentrate (EC), HRES feed (EF) and HRES gas anode (EA)
(Fig. 1). Two separate (hollow fibre) liquid/liquid membrane contactors
((HF)LLMC) units for TAN recovery were integrated into the concentrate
loops of BES and HRES, respectively.

All compartments were 14 x 14 cm? in size, while 10 x 10 cm? were
left open as active area. The influent was continuously supplied, first
through the BES anode, and the BES anode effluent fed to the HRES feed
compartment to create a sequential (bio-) electrodialysis system, with
the overall system effluent leaving the HRES feed compartment. The
HRES gas anode continuously received Hy from the cathode with 0.3
mL/min Ny carrier gas as feed, which consisted mostly of Hy (>80 %)
and resulted in excess supply of Hy during all experiments. BES
concentrate, cathode, HRES concentrate, as well as BES acid and HRES
acid were operated in batch. All compartments, apart from the HRES gas
anode, were hydraulically recirculated at 100 mL/min using peristaltic
pumps (Masterflex®, Metrohm, Belgium).

Total compartment volumes (including compartment, tubing and
recirculation vessels) were each approximately 120 mL for BES anode,
cathode and HRES feed, 300 mL for BES concentrate and HRES
concentrate, and each 1.35 L for BES acid and HRES acid.

TAN transported from BES anode to BES concentrate and from HRES
feed to HRES concentrate was recirculated through two separate,
tubular (HF-)LLMC units. These units consited of a lumen side, where
the removed TAN from either BES concentrate or HRES concentrate
compartment was recirculated, and a shell side, where the respective
BES or HRES acid was recirculated. Thereby, gaseous NH3 diffuses from
the concentrate through the hydrophobic membrane (polypropylene
membrane fiber, pore size: 200 nm, type: Accurel PP V8/HF, CUT
Membrane Technology GmbH, Diisseldorf, Germany) into the acid (1 M
H5S04). This results in the formation of an ammonium sulfate solution
on the shell side of the LLMC module.

The LLMC fiber membrane had a total shell side (outer) membrane
surface area of 374 c¢cm? Both BES and HRES acid were heated (to
approximately 30 °C) to equilbrate the water vapour gradient across the
membrane and prevent water condensation in the acid. 1L of each acid
batch was replaced with fresh 1 M H,SO4 when the pH exceeded a pH of
1 (75 % of theoretical absorption capacity) to ensure sufficient proton-
ation of recovered NHs.

The BES anode and HRES gas anode compartments consisted of ti-
tanium blocks with 10 x 10 x 0.4 cm?® platinized flow fields (50 gp; m 2,
as described in [18]) as current collectors. Both titanium blocks were
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Table 1
Experimental conditions applied to combined system.
Bio-anode feed TAN duration medium Load ratio
current rate [L/ loading [d] dilution (HRES)
d] [gn/d]
Stable 0.2 0.2 14 5x 1.3+0.2
Feed rate increase led to unstable bio-anode
Unstable 0.2 0.2 5 5x 1+ 0.06
5 2.2+0.2
5 0.7 £ 0.04
Bio-anode unstable — rebuild with fresh BES anode and BES CEM
Stable 0.5 0.5 6 5x 1.2+0.3
0.1 2 0x 7.2+ 4%
0.5 2.5 5 1.1+0.5

* low TAN concentrations and highly variable TAN effluent concentrations
leaving the BES led to high variability of load ratio in HRES, see calculations.

heated with electrical pads to reach an anolyte temperature of 30 + 1 °C.
In addition, a 10 x 10 cm? graphite felt of approximately 5 mm thickness
(SIGRATHERM® GFA5, SGL Carbon, Germany) served as flow-through
electrode material for the BES anode, separated from the membrane
with spacer material (thickness 1 mm, 64 % open; PETEX 07-4000/64,
Sefar BV, The Netherlands). A membrane electrode assembly (MEA)
served as electrode for the HRES gas anode (Nafion™ 117 membrane on
HRES feed side, platinized carbon with 5 gp; m 2 on HRES gas anode
side, custom 3-layer MEA, CTM-MEA, FuelCellsEtc, USA). The cathode
consisted of an approximately 70 % open ruthenium-iridium coated 10
x 10 cm? titanium mesh of 1 mm thickness and the cathode compart-
ment was filled with spacer meshes to stabilize the membrane positions
and improve mass transfer.

Selective ion transport was enabled by separating compartments
either with cation exchange membranes (Ralex® CMHPP, MEGA a.s.,
Czech Republic) between BES anode and BES concentrate as well as
HRES feed and HRES concentrate, or with anion exchange membranes
(Ralex® AMHPP, MEGA a.s., Czech Republic) between BES concentrate
and cathode as well as HRES concentrate and cathode compartments.
Silicon gaskets (14 x 14 cm?) with a centered opening (10 x 10 cm?)
were used on either side of each ion exchange membranes to create a
watertight seal of the compartments.

All potentials in this work are reported versus 3 M Ag/AgCl, KCl-type
reference electrodes (+-205 mV vs NHE, Prosense QiS, Oosterhout, The
Netherlands), which were placed in the influents of the BES anode,
cathode and HRES feed compartments.

The BES potential and HRES current were controlled using a
potentiostat (Ivium-N-stat, Ivium Technologies, the Netherlands). The
BES was controlled at a constant anode potential of —0.2 V, whereas the
HRES was controlled at constant current to achieve a target load ratio
(L, see experimental strategy). Both BES and HRES were connected to
the potentiostat with separate channels in separate modules of the
potentiostat and the HRES operated in “floating mode” to prevent leak
currents from one system to the other and thereby make operation of
both systems in different operational modes possible. The pH and tem-
perature were measured in the bio-anode recirculation using pH elec-
trodes (Orbisint CPS11D, Endress+Hauser B.V., Naarden, The
Netherlands) connected to a transmitter (Liquisys CPM253,
Endress+Hauser B.V., Naarden, The Netherlands). Polyethylene (PE)
tubing was used for the gas and liquid transport (DN04,/06, Em-Technik,
Germany) in the entire experimental setup.

2.2. Media

Synthetic urine was based on a modified recipe from [34] and con-
tained 4.181 g/L KoHPOy, 1.207 g/L NaySO4, 4.066 g/L MgCly 6 Ho0,
0.441 g/L CaCl, e 2 Hy0, 0.298 g/L KCl, 3.360 g/L NaOH, 3.136 g/L
NH40H, 22.136 g/L NH4HCO3 and 5.396 g/L NH4CH3COOH. After most
salts were dissolved and precipitates removed by filtering, 1 mL L™}
Wolfe’s trace mineral solution and 1 mL L™} Wolfe’s vitamin solution
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were added as micronutrient source [41]. However, 20 mL L' of trace
element and vitamin solution each were added for the last experiment
shown in Table 1 (0.5 L/d undiluted medium) in order to prevent
possible limitations from micronutrient availability.

2.3. Inoculum

The mixed inoculum consisted of equal volumes of biomass samples
from an anaerobic digester treating black water [5], bio-electrochemical
systems fed with hydrolyzed human urine and artificial urine, contain-
ing acetate as carbon and energy source [34], syntrophic propionate
oxidizer cultures [24] as well as activated sludge from a wastewater
treatment plant in Bath, the Netherlands.

2.4. Experimental strategy

The experimental design displayed in Table 1 was segmented into
three categories: 1) stable bio-anode at low loading: After inoculation
and start-up phase, the bio-anode current stabilized at 1.9 + 0.06 A/m?>
for an applied relatively low feed rate of 0.2 L/d or 0.2 gn/d TAN loading
with 5x diluted synthetic urine, while a load ratio of 1.3 was applied to
the HRES. After a period of 14 days, the loading was increased stepwise
up to 0.6 L/d, yet the bio-anode current did not increase proportionately
with increased loading, but instead declined. Returning to the original
loading of 0.2 L/d still resulted in a steadily declining bio-anode current
and therefore indicated an “unstable bio-anode”. 2) Unstable bio-anode
with HRES compensating for high TAN removal efficiency at varying
load ratios (Ly): After the bio-anode became unstable, a steadily
declining current was observed that was also lower than under the same,
previous conditions. The HRES Ly needed to be adapted constantly to
keep the HRES Ly constant at the target value. The Ly was kept constant
for 7 days each at values of 0.7, 1 and 2.2 to investigate whether
compensating the lacking TAN removal from the BES with the HRES
could be achieved and at which energy input.

3) Effect of feed rate, TAN loading and TAN concentration on com-
bined system: The BES part of the system was rebuilt by replacing the
CEM and anode electrode of the BES, as well as regrowing the bio-anode.
The feed rate was then slowly increased from 0.1 to 0.5 L/d of 5x diluted
synthetic urine until the BES showed stable and efficient current gen-
eration. Then, the influent was replaced from 5x diluted to undiluted
synthetic urine to investigate the effect of feed concentration at same
COD and TAN loading on the combined system performance. Finally, the
feed rate was increased from 0.1 L/d to 0.5 L/d to investigate the effect
of feed rate and concentration at 5x higher loading. To improve the
stability of the bio-anode performance, the micronutrient concentration
was increased 20x for these experiments at higher TAN and COD
loading. Averages and standard deviations were calculated from
different samples taken once per day under the same experimental
condition and after more than 1 HRT of the BES anode.

2.5. Sampling and analysis

Sampling was carried out daily for influent, BES anode, HRES feed
compartment, BES acid and HRES acid, while BES concentrate, cathode
and HRES concentrate were sampled infrequently to keep track of pH
and conductivity and daily to determine cation transport numbers and
main ion concentrations. COD and TAN were quantified using Hach
Lange cuvette tests (LCK 304 for TAN and LCK 1414 for COD, Hach
Lange, United Kingdom). Electrical current was recorded from the
potentiostat by IviumSoft software (Ivium Technologies, the
Netherlands) and exported to Excel for data processing. Na™ and K"
concentrations were analysed using ion chromatography Metrohm
Compact IC Flex 930 including a Metrosep C 4-13150/4.0 column with
quantification by a conductivity detector (Metrohm Nederland BV,
Schiedam, The Netherlands). The cathode and HRES gas anode effluent
gas composition was analysed infrequently for Hy, O, N3, CHy4, CO, CO4
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and H,S concentrations using a dual channel Varian CP4900 micro gas
chromatograph (Varian, Middelburg, the Netherlands).

2.6. Calculations

The TAN loading (Qran in gn/d) can be calculated as
Qran = [TAN]*Q (€]

With Q being the feed rate (L/d) and [TAN] being the TAN con-
centration in the feed (in gn/L).

The recoverable TAN in (bio-)electrochemical ammonium recovery
systems is dependent on the electrical current generated from convert-
ing COD from the fed wastewater. In theory, 1 mol of electrons (e”) can
transport 1 mol of NHZ. The ratio of current over ammonium loading is
defined in the load ratio concept [35]:

"Mran

LN - =
" "
Qran’ INHF “F

(2)

Where i is the electrical current generated by the (bio-) anode in
ampere (A), Mtan the molar mass of TAN (14 gn/molran), Qran the TAN
loading into the receiving compartment (BES anode or HRES feed) in
2ran/d, Znu; the valency of NH} being 1, and F the Faraday number of

96,485C/mol electrons.

The Ly in BES was determined by measuring the average current
generated in the bio-anode in the time during the last 1 HRT and
dividing it by the TAN loading in that time period. The Ly in HRES was
adjusted on a daily basis by measuring the TAN concentration in the
HRES feed, which is the BES anode (assuming steady-state between
influent and BES anode) and adjusting the current to reflect the desired
Ly according to that TAN concentration.

The overall Ly was calculated as sum of the currents applied in BES
and HRES over the TAN loaded into the combined system, which is the
BES influent TAN loading:

(iBes + iures) *Mran
b Qran*zys *F ®

The transport number of a certain cation species across a CEM, for
example NHJ from TAN, was calculated as ratio of respective cation
charge that was removed over electrical charge applied as current:

([cation];, e — [cation]pyen) * Q* Zeation *F
i*Mculion

4

transport number =

[cation]infiuent is the concentration of the respective cation in the
influent solution going into the BES or HRES (meaning influent or BES
anode, respectively, in gcation/L), [cation]lefuent is the concentration in
the effluent of either the BES anode (for the BES) or HRES feed
compartment (for the HRES, in gcation/L) and Zcation is the valency of the
respective cation. Accordingly, the transport efficiency is the multipli-
cation of the transport number with 100 %.

The TAN removal efficiency (REtan) was calculated from the dif-
ference of the TAN concentration present in the compartment effluent
and the TAN concentration from the compartment’s originating feed,
assuming steady-state between TAN fed and TAN removed:

[TANJiyfpen — [TAN]

REran = [TAN]

effluent 100% (5)

influent

The TAN removal rate (RRran in gN/mz/d) was calculated as TAN
removed and normalized by the total CEM area used to do so, which
meant one membrane (A = 100 sz) for BES and HRES separately and
both membranes for the overall system (A = 200 cm?):

([TAN]feed - [TAN]eff]uem)*Q

ACEM

RRyany = (6)

For the overall TAN removal rate, the difference between feed and
HRES feed was used.
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Fig. 2. Applying different load ratios in the electrochemical system at low feed rate of 0.2 L/d for stable and unstable bio-anodes with 5x diluted synthetic urine.
Electrochemical system (HRES) can compensate N removal if bio-electrochemical system (BES) current becomes unstable. A) When the BES substrate conversion
efficiency decreases due to biological instability, the HRES can still remove most TAN. B) Low effluent TAN concentrations (20-120 mgy/L) can be achieved at low
feed rates. A stable and efficient TAN removal in BES leads to the lowest effluent TAN concentration, while for an unstable BES, higher Ly applied in the HRES lead to
lower effluent concentrations. C) Despite increasing Ly for the HRES, energy inputs for the overall system stay similar since part of the TAN is removed in BES at

similar Ly.

The specific required energy input (in MJ/kgy) was calculated as
electrical energy input of the potentiostat to generate the cell potentials
driving the electric currents in BES and HRES each:

i*EceH *t

=5 A )]
RRraN*Acem

energy input =
With Ej being the cell voltage (in V) of the BES or HRES, and t being
the amount of second per day (86400 s/d).
The overall energy input (in MJ/kgy) was calculated as weighted
average of the sum of energy invested (in MJ) respectively in BES and
HRES over the sum of the TAN removed in each system (in kgy):

(iBes *Eceir.ges + inres *Ecen tres ) *t

" (8
(RR7aN, BES + RRrax REs ) *Ackm

overall energy input =
With Acgym being 100 cm?.
3. Results and discussion

3.1. Electrochemical system can partially compensate for unstable anode
to achieve high TAN removal

As a first test of the performance of this combined (bio-)electrodi-
alysis system, we investigated whether the HRES could be used to ach-
ieve high overall TAN removal when the BES generated less current (and
lower TAN removal) than theoretically possible. We investigated this
combined system for 5x diluted synthetic urine at a low loading rate of
0.2 L/d to enable the bio-anode to remove most substrate and thereby
remove most TAN. In order to remove the remaining TAN, the current
applied in the HRES was adjusted to investigate the effect of Ly on TAN
removal and required specific energy input. A Ly < 1 was used to reflect
less electrical charge applied than charge of TAN loaded into the HRES.
Accordingly, applying the same electrical charge as charge of TAN
loaded (Ly = 1), applying an optimum electrical charge per TAN loaded
(for energy input and TAN removal efficiency, Ly ~ 1.3 [35], and
applying an excess of electrical charge per TAN loaded (Ly > 1.3) were
investigated. Furthermore, we investigated the TAN removal efficiency
and energy input for stable BES operation at Ly = 1.2, as well as unstable
BES operation (below-optimum Ly in BES) using HRES TAN removal
compensation at different Ly.

3.2. Stable bio-anode can remove TAN at high efficiency

At a low feed rate of 0.2 L/d and a TAN loading of 0.2 gy/d of 5x
diluted synthetic urine (Ly of 1.2 £ 0.1), the BES operated indicated by
the small standard deviation in current density (1.9 £+ 0.1 A/m?). The Ly
of 1.2 in the BES is close to the theoretical optimum of 1.3 (based on
charge of COD concentration over charge of TAN concentration in feed,
[101). The BES removed most of the TAN (90 + 2 %) at 5.7 = 0.7 MJ/
kgy from 1 gn/L feed down to BES effluent concentrations of 0.08 —0.15
gn/L (Fig. 2), which shows that the bio-anode operated efficiently.

Under this stable bio-anode condition in the BES, an applied Ly of 1.
3 + 0.2 in the HRES removed most of remaining TAN (80 %) at 3.7 +
0.5 MJ/kgy down to effluent concentrations of 0.021 + 0.018 gy/L.
Overall, the system removed 98 + 1 % of with 10 gN/m%EM/d (for the
combined system) at 5.6 + 0.7 MJ/kgy. Therefore, at low loading and
for a stable and efficient bio-anode, the overall combined system effluent
TAN concentration was close to the European Urban Water Framework
Directive 91/271/EEC for total N (10-15 mgyn/L, 70-80 % minimum
removal efficiency [8]).

Thereafter, the reactor feed rate was slowly increased from 0.2 up to
0.6 L/d, but the substrate conversion efficiency of the bio-anode dete-
riorated progressively; the increasing feed rate led to a maximum cur-
rent density of 4 A/m? and decreased thereafter continuously, even
when reverting back to 0.2 L/d. For this unstable bio-anode, the Ly
declined from 1.2 + 0.1 to 0.4-0.5.

3.3. Increasing Ly in HRES during unstable BES operation improves TAN
removal at the expense of additional energy input

In the following experiments, the bio-anode current continuously
decreased despite stable feed rates, meaning less current was applied in
the BES for the same TAN loading. Under these circumstances, the HRES
applied current was increased to compensate the low current densities
generated in the BES to remove additional TAN. The chosen applied
current in HRES was modulated to either result in high overall TAN
removal efficiency at higher applied Ly (>>1.3), or to result in low
overall required energy input at lower applied Ly («1.3). The unstable
bio-anode (Ly 0.4-0.5) only removed 48-56 % of TAN (Fig. 2 A) at 3.5 -
3.8 MJ/kgy (Fig. 2 C) down to BES effluent concentrations of 0.46-0.55
gn/L (Fig. 2 B).



S. Georg et al.

Chemical Engineering Journal 454 (2023) 140196

A) B) C)
[1 BES [ HRES Overall ] BES Overall [ BES [ HRES Overall
5x undiluted 2571 & | undiluted 251 5x | undiluted
dilution dilution dilution
— 100 ¢
=, g | %% 7 - 207 | '3 201 I
3 90 I % g I § | =
c = =
5 801 | z 15¢ I Z 5 I |
= | < | 32 |
2 704 | = | £ |
© S 1.0 > 10+
5 ol | s ! 5 |
5 I i I = I
- | L N
50 4
prd
I<—E 40 . I - - 0.0 Ii‘ﬁ'zj I iII : 0 - I . .
0.5 0.1 0.5 0.5 0.1 0.5 0.5 0.1 0.5

Feed rate [L/d]

Feed rate [L/d]

Feed rate [L/d]

Fig. 3. Applying different dilutions and feed rates on combined BES/HRES system to compare same TAN loading or feed rates. A) TAN removal efficiencies increased
for more concentrated feed at same loading, while it decrease at same feed rate and higher loading. B) Very low effluent TAN concentrations (10-40 mgy/L) can be
achieved at low TAN loading rates. C) The required energy input for the combined system increase only with less dilution and higher feed rate.

When focusing on the HRES, increasing the Ly in the HRES from 0.7
to 1 increased the HRES required energy input by 88 % (Fig. 2 C), yet
only an additional 4 % of the TAN loaded into the HRES was removed
(Fig. 2 A). Applying a Ly of 0.7 + 0.04 to this BES effluent in the HRES,
which is only 70 % of the electrical charge supplied for the charge of
TAN loaded into the reactor, 78 & 2 % TAN (Fig. 2 A) were removed at 7
+ 1.8 MJ/kgy (Fig. 2 C) down to an overall effluent concentration of 120
+ 10 mgn/L (Fig. 2 B). Removing 78 % of TAN while applying 70 % of
required charge (Ly = 0.7) means a transport efficiency of 111 %, which
is likely a result of the high contribution of TAN diffusion from anolyte
to concentrate at an applied Ly below 1.

When applying an Ly of 1 + 0.06 in the HRES to supply exactly
enough current to remove the loaded TAN from the unstable BES, 81 +
2 % of TAN was removed (Fig. 2 A) at 10.8 + 0.9 MJ/kgy (Fig. 2 C) down
to 90 + 2 mgn/L overall effluent concentration (Fig. 2 B) in the HRES.
Therefore, applying 43 % more current (Ly 0.7 — 1) removes only 3 %
more TAN (78 % vs 81 %), but increases the required power input by 54
% from 7 + 1.8 MJ/kgy to 10.8 + 0.9 MJ/kgy in the HRES. The effluent
concentrations decreased by 25 % from 120 mgyn/L to 90 mgy/L.
Therefore, increasing the Ly from 0.7 to 1 increased the energy input
relatively more than the TAN removal efficiency. This is contrary to
previous findings, where below Ly 1 the energy invested increased
proportionately with the TAN removal efficiency [32,33,35].

Increasing the Ly in the HRES further from 1 to 2.2 + 0.2 resulted in
a strong increase in required energy input, while the TAN removal ef-
ficiency increased slightly and the TAN effluent concentration decreased
further. At Ly 2.2, 89 &+ 1 % of TAN was removed at 19.7 + 3.1 MJ/kgn
down to overall effluent TAN concentration of 50 + 10 mgy/L. This
increased the required energy input by 83 % (from 10.8 + 0.9 MJ/kgy to
19.7 + 3.1 MJ/kgy, Fig. 2 C) at 8 % additional TAN removed (from 81 +
2% to 89 + 1 %, Fig. 2 A). The effluent concentrations decreased by 44
% from 90 mgy/L to 50 mgy/L (Fig. 2 B).

In conclusion, applying a higher Ly to increase removal of remaining
TAN from the BES effluent costs disproportionately more energy input in
the HRES.

3.4. Overall performance of increasing Ly in HRES to compensate for
unstable BES

Increasing the Ly of the HRES increased the overall specific energy
input (weighted average of BES and HRES) less than the energy input for
the HRES alone. The overall energy input increased from 5.2 + 0.9 MJ/

kgy at Ly 0.7, to 6.6 + 0.4 MJ/kgy at Ly 1, and to 10.2 & 1.3 MJ/kgy at
Ly 2.2. Meanwhile, the overall TAN removal efficiency increased from
89+1%atLy0.7,t092+ 0.2% at Ly 1, and at Ly 2.2 to 95 + 4 %. This
shows that in this combined system, increasing the applied Ly in the
HRES from 0.7 to 1 comes at a 17 % higher overall energy input, while 3
% more TAN is removed overall. Increasing the Ly from 1 to 2.2 in-
creases the overall energy input by 56 %, while 3 % more TAN is
removed overall. This confirms the findings of [35] that applying a Ly
higher than 1 increases the energy input, but realizes a higher removal
efficiency. These high overall TAN removal efficiencies at low overall
energy inputs confirm the potential of the combined system to achieve
high TAN removal at low energy input.

3.5. TAN removal efficiency is dependent on feed concentration and
loading, while energy input is independent from both at constant Ly

In the following experiments, we investigated the effect of feed
concentration, feed loading, and feed rate on the TAN removal efficiency
and energy input at an applied Ly of 1.2 in the HRES. First, the feed
concentration was increased from 5x dilution to no dilution at same TAN
loading of 0.5 gn/d by changing the feed rate from 0.5 L/d to 0.1 L/d.
Then, the feed loading was increased to 2.5 gn/d TAN loading with the
undiluted feed by increasing the feed rate from 0.1 L/d to 0.5 L/d. In
order to prevent possible limitations in the BES, as observed in the first
set of experiments for higher loadings, an excess of 20x micronutrients
was added to sustain stable bio-anode performance.

3.6. Effect of feed concentration at lower feed rate, but same loading

For the BES, increasing the feed concentration from 5x diluted to
undiluted feed resulted in increased TAN removal efficiency at
decreased energy input. The TAN removal efficiency increased by 14 %
from 80 + 1 % to 94 + 4 %, while the required energy input decreased
by 27 % from 8.5 + 2.3 to 6.7 + 1.1 MJ/kgy (Fig. 3). The change in
concentration did neither affect the generated current density (4 + 0.3
t0 3.5 + 2 A/m?) and thereby Ly in the BES (0.9 + 0.2 to 0.9 & 0.04) nor
the effluent TAN concentration (0.2 + 0.04 to 0.3 + 0.18 gn/L) for the
BES. The equal Ly is a result of feeding the same loading of COD and TAN
to a stable and efficient bio-anode. However, the similar effluent TAN
concentration and higher TAN removal efficiency might not be a result
of the bio-anode performance, but rather of the higher contribution of
diffusion to TAN removal at greater TAN concentration gradients
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(Appendix A - Figure A.1, C).

This is also indicated by the increase in TAN transport efficiency
from 93 + 24 % to 103 + 8 % (Appendix A — Figure A.1, A). This
contribution of diffusion to the overall TAN transport is higher at lower
current densities and can be expected to decrease at higher applied
current densities.

For the overall system performance, the TAN removal efficiency
changed significantly from 97 + 2 % to 99.8 + 0.02 % (p-value student
t-test: 0.02). This 99.8 % removal efficiency led to the lowest overall
effluent TAN concentration found throughout all experiments here with
10 + 0 mgn/L, which would comply to the European Urban Water
Framework Directive 91/271/EEC.

effluent TAN [gn/

L]
0.3*

0.8*
1.5
2.7
2.4
1.8*
1.6
0.5

0.1
0.3
0.01
2.1
0.5

specific energy input [MJ/
12

kgl
16 *
19
6.8
22
8.6
29
15
3.8
6.6
6.7
9.2
11

3.7. Effect of higher loading at higher feed rate, but same concentration

When increasing the feed rate, and thereby loading, from 0.1 to 0.5
L/d for concentrated feed, we added 20x the micronutrients to the feed
to avoid bio-anode limitations (as observed for higher loadings in the
previous experiments). This was necessary to be able to distinguish the
effect of increased TAN loading on the combined system performance,
rather than observing changes in the BES performance.

Increasing the feed rate by a factor of 5 increased the conversion of
substrate to electricity in the BES by almost the same factor from 3.5 + 2
to 18 + 2 A/m? (factor 5.1). However, the TAN removal efficiency in the
BES decreased by 31 % from 94 + 4 % to 63 + 7, while the BES effluent
TAN concentration increased from 0.2 + 0.04 gy/L to 2.1 + 0.4 gn/L.
The lower removal of TAN and therefore higher TAN effluent concen-
tration can be explained by the higher contribution of TAN transport by
migration rather than diffusion at higher feed rates, which is also indi-
cated by the decrease in net TAN transport efficiency for the higher feed
rate (from 103 + 8 % to 73 + 6 %, see Appendix A — Figure A.1, A). This
means that cations other than NHj are transported by migration, which
lowers the TAN removal efficiency and can be regarded as energy input
that is not invested in TAN removal. Therefore, the energy input also
increases at the higher feed rate from 6.7 + 1.1 MJ/kgy to 11.2 £ 1.5
MJ/kgn (67 %) (Fig. 3 C).

For the overall system, the TAN removal efficiency decreases from
99.8 + 0.02 % to 90 + 3 %, while the TAN effluent concentration in-
creases from 10 + 0 to 530 + 140 gn/L at similar energy input (9.2 +
1.1 vs12.1 £ 3.6 MJ/kgn). The decrease in TAN removal efficiency and
increase in TAN effluent concentration are caused by the lower TAN
removal efficiency of the BES leading to higher TAN loading and thereby
more TAN needing to be removed in the HRES.

TAN removal rate [gn/

mégy/d]
29
38
118
226
522
310
141
12
10
44
23
168
121

TAN removal efficiency

56
92
94
99.8
63
20

[%]
76
27
61 *

60
78

61
51
calculated from provided data in respective publication. Condition a: unstable BES, HRES LN = 1; condition b, c: stable BES.

feed TAN concentration
[gn/L]
1.2

2.5
5.1
5.9
8.0
4.0
1.1
5.5

TAN loading [gn/

d]
0.2
1
2.3
2.8 *
8.7 *
2.9 *
9.2
0.2
0.5
2.7

3.8. Effect of higher loading and higher concentration, but same feed rate

(Ln)
1.4
0.4
0.6
0.8
0.4
0.8
1.3
1.2
0.9
1.2

load ratio
0.5
0.9
0.9

We also investigated the effect of higher loading rates (of TAN and
COD) by supplying the same feed rate of 0.5 L/d undiluted synthetic
urine instead of 5x diluted. This was done to investigate the effect of
higher loadings on the combined system. This decreased the TAN
removal efficiency despite similar applied Ly. The TAN removal effi-
ciency in the BES decreased from 80 +£1 % at Ly 0.9 + 0.2t0 63 +7 % at
Ly 0.9 + 0.1 (Fig. 3) at an increase of TAN removal rate from 46 to 168
gn/mégw/d (see Appendix A — Table A.1). Thereby, the required energy
input for BES increased by 29 % from 8.5 &+ 2.3 to 11.2 & 1.5 MJ/kgy as
combination of higher generated currents (increase from 4 + 0.3 to 18
+ 2 A/m?) and applied cell voltages, as well as lower TAN removal ef-
ficiency. The TAN effluent concentration leaving the BES increased
accordingly from 0.2 + 0.04 to 2.1 + 0.4 gn/L.

The overall TAN removal efficiency decreased with increasing
loading from 97 + 2 % to 90 + 3 % (Fig. 3 A) and the overall TAN
removal rates increased from 28 + 5 to 121 + 4 gN/m%EM/d (see Ap-
pendix A — Table A.1) at similar Ly applied in the HRES (1.2 + 0.3 to 1.1
+ 0.5) leading to an overall effluent TAN concentration of 0.53 £ 0.14.

current density [A/
18+ 8

m?]
3

5

11
27
29
30
20
0.8
0.8 + 0.7
4+1
18

overall

BES
overall

BES
overall

BES

condition a
condition
condition ¢

[14] BES
work

“Overall” TAN removal rate of this work is normalized by the sum of both CEMs used here. *

Performance parameters of experiments in this work compared to other publications.

Table 2
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3.9. Combined (bio-)electrodialysis system can remove TAN at high
efficiency at low energy input

To provide broader context for the performance of this new com-
bined system, a comparison with published literature on other (B)ES fed
continuously with synthetic urine is provided in Table 2. When the BES
in this work is only converting a fraction of the supplied COD to elec-
tricity (Table 2, condition a) or is experiencing TAN loadings compa-
rable to literature (Table 2, condition c), TAN removal efficiencies in the
BES are comparable to literature (56-63 % vs 51-76 %).

Under these conditions, the HRES can compensate the lacking TAN
removal in the BES up to 90-92 % overall TAN removal efficiency,
reaching spectacular lower effluent TAN concentrations compared to
separate systems (0.1-0.5 gn/L vs 1.5-2.7 gn/L). The TAN removal rate
for the BES (168 gN/mZ/d) is comparable to literature with similar
reactor configuration (118-226 gN/mz/d), while the overall rate is
lower (121 gN/mZ/d) because of the normalization against both CEM
used in the HRES and BES each.

While individually some reported performance parameters (i.e.,
current density, rates, specific energy input) in literature exceeded the
results obtained in this work, the unique combination of an overall low
specific energy input and high removal efficiency obtained in this work
are unmatched.

Furthermore, when the BES is converting most substrate at low feed
rate (Table 2, condition b), most TAN is removed in the BES (94 %) and
applying a Ly of 1.0 in the HRES removes almost all remaining TAN
down to 0.01 gn/L with 99.8 % overall efficiency. This overall TAN
removal efficiency and effluent quality are exceptionally high for a
continuously fed (B)ES.

4. Conclusion

Combining both BES and HRES in one system with a shared cathode
permits use of the hydrogen gas produced in the BES as hydrogen feed
for the HRES and to compensate for loss during hydrogen recycling. This
novel design of the combined BES-ES systems lowers the spatial foot-
print when compared to two separate sequential systems. The very low
effluent concentrations reached here of 10 mgy/L (up to 99.8 % TAN
removal efficiency), as well as the low overall energy input of 6.6 — 12.1
MJ/kgy indicate a better performance of the combined system than in
published research on comparative wastewaters in (B)ES known to the
authors.

This combined system solves the issue of bio-anode stability for
ammonium recovery in BES, lowers the energy input when compared to
purely electrochemical ammonium recovery systems and opens new
possibilities for TAN removal applications.

Therefore, following research should investigate whether the HRES
could still compensate for unstable or inefficient TAN removal in BES for
non-synthetic wastewaters. The conducted experiments here indicate
that this combined system could be a viable technology to efficiently
remove TAN from wastewaters.
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